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Growth of Si on different GaAs surfaces: A comparative study
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We studied the chemical bonding at the interface between Si and GaAs by synchrotron radiation photoelec-
tron spectroscopy. Thin Si films were deposited at 450 °C or 500 °C on different GaAs substrates: the As-rich
GaAg100 and GaA$111)B surfaces as well as the Ga-rich G&280 and GaA$111)A surfaces. In this
paper we compare the properties of these four interfaces. On As-rich GaAs the Si bonds solely to As. No Ga-Si
bonds are formed. The Si atoms occupy the equivalent of next-layer Ga sites. Neither As nor Ga segregation
to the surface of the Si film is observed. On the Ga-rich Ga®8-(4%x2) and GaA§l11A surfaces Ga-Si
bonds are formed at the interface. Arsenic segregates to the surface of the Si film, leaving As vacancies behind
at the interface. While these results can be understood in terms of simple models, the behavior of the As-rich
GaAg111)B surface is more complicated. We discuss this surface in detail.

I. INTRODUCTION The experiments were carried out in ultrahigh vacuum

straightforward because the lattice mismatch between Si angd, 45t sample exchange. The analysis chamber was
GaAs is 4%. Since Si can be used as a dopant in GaAs, equipped with an entrance port for the synchrotron radiation,
doping with a submonolayer of Si was studied in detdihe 5 conventional x-ray sourd@l Ka and MgKa) for x-ray
successful growth of Si-GaABO0) superlattices was re- photoelectron spectroscog¥PS), and an angle integrating
ported in Refs. 2 and 3. Furthermore, the valence-band offs¢femispherical photoelectron energy analyzer. Sample prepa-
between AlAs and GaAs can be tuned by nearly 1 eV usingation was done in the MBE chamber.

a Si intralayef:® A Si interface layer can also be used to  400.um-thick Si-dopedn-type GaAs substrate wafers
modify the character of the Schottky barrier between metalgyere used for these investigations. The carrier concentration
and GaA<? Considering the potential of thin Si layers on \yas 1x 108 cm~3, which resulted in a resistivity of
GaAs for high precision doping or band-gap engineering it iS)~3x 1073 () cm. The wafer surfaces used for these experi-
surprising that only a few papers deal with the structural andnents were mirrorlike polished and oriented with an accu-

electronic properties of these filmk:** racy of =0.50°. The etch pit density of the wafers was speci-
We deposited Si on As-rich Gaf00 and GaA§111)B  fied to be less thanX10* cm™2.
as well as on Ga-rich GaAB00 and GaAg§11DA. Several The GaAs wafers were dipped in a commercial alkaline-

growth parameters were varied to gain a deeper understanfzsed etchant for 5 min. Following this, the sample was
ing of the properties of thin Si films on GaAs. Some struc-rinsed in purified water and dried with,Njas. The etched
tural results have already been published in Ref. 15. In thigsgas wafers were then attached to a Mo sample holder with
paper we report the results of our photoelectron spectroscopy, solder and placed in the vacuum chamber.
experiments. Very surface sensitive synchrotron radiation The GaAs substrate was then heated in an As overpres-
photoelectron spectroscopy was employed to clarify thesyre for about 10 min at 600 °C to desorb the surface oxides.
chemical bonding at the interface between Si and GaAs. oy different sample orientations and desired surface recon-
structions, the subsequent procedures were ug@d:
Il. EXPERIMENTAL DETAILS GaAq100)-(2x4): At SSQ °C a GaAs buffer layer was
grown. The surface of this buffer layer was well ordered and
Sample preparation and experiments were performed ahowed a2x4) reconstruction(ii) GaAg4100)-c(8x2): Af-
beamline BL-1A of the Photon Factory in the National Labo-ter a GaA§100)-(2X4) surface was obtained as described in
ratory for High Energy Physics in Tsukuba, Japan. The photi), the AsK-cell shutter was closed. After a bright8x2)
ton energy for the synchrotron radiation photoelectron specsuperstructure was obtained, the Keell shutter was also
troscopy(SRPES experiments was adjusted using a grating-closed. (i) GaA4111)A: After the native oxide was re-
crystal monochromator with a 1200-mihgrating. For our moved, a sharfi2x2) reconstruction was obtained, so we
experiments we used a photon energy of 130 eV. The acculid not grow a buffer layer on this surfader) GaAg111)B.
racy and reproducibility of the monochromator were checkedifter the native oxide was removed, a high-quality GaAs
by directly measuring the Fermi edge and tHepkak of a  buffer layer was grown at 550 °C. The buffer layer surface
reference gold sample. It was found that photon energieafter growth showed a shardx1) reflection high-energy
were exact to within=0.1 eV. Details of the beamline are electron diffraction(RHEED) pattern at 550 °C. After cool-
described elsewher&’ ing this sample to 500 °C or below, a brigt&x2) was ob-
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tained, in agreement with the results of Woolf, Westwood, ,
- 18 Si coverage on GaAs(111) (DL)
and Williams. 0 05 ; 15 >

ThreeK cells in the MBE chamber were used for As, Ga, - °° ‘ ‘
and Si evaporation. The parameters for GaAs MBE were as T 1s9f % {
follows: As, beam flux 3<10°° torr and Ga beam flux 3 o8l :
4.5x10 8 torr, which corresponds to a growth rate of 450 A N | %
of GaAs per hour. The flux values were determined with an % '
ion gauge positioned at the sample location. Thek Siell g 1o % % %
was operated at 1350 °C. The Si growth rate was determined o 195} ST
from the attenuation of the substrate core-level photoemis- 5 .| R SPEELS
sion to be 90 A/h. The only contamination on the surface of @ tosl . . ) .

the Si film was a small trace of Séess than 5% For the 0 ! z N +
(100) orientation, 1 ML of Si corresponds to 6.%80 Si coverage on GaAs(100) (ML)

atoms cm?, while for the(111) orientation, 1 double layer . . .
(DL) of Si corresponds to 155610 atoms om2 This is the FIG. 1. Binding energywith respect to the Fermi energgf the

. . . . XPS Ga 3 peak for different surfaces as a function of Si coverage.
surface atomic density of bulk Si. For a pseudomorphic fl!mWe measurped the band bending for the As-rich GAB8-(2x4) g

th.?h.re?rl] denSItyt IS sllgfhtIyKdIffei*lrentl,_bbutt_ the deviation is and GaA$111)B surfaces as well as for the Ga-rich G&RG0)-c(8
within the uncertainty of ouK-cell calibration. x2) and GaAs$l11DA surfaces. The peak positions are given as a
function of the number of deposited Si atoms. One double layer

. RESULTS (DL) of Si(111) corresponds approximately to two monolayers
_ (ML) of Si(100. The two differentx axes reflect the exact ratio
A. Band bending between DL and ML.

It is well known that the Fermi energy of Ga@€0 is ) )
pinned near the midga$:%° This pinning is caused by sur- of an U_“dPPezg Si layer on GaAs does not remove the Fermi-
face states in the gap and is the reason for band bending nd&v€! pinning=~ On the other hand, the deposition of a doped
the surface of the semiconductor. We used XPS to measufdl layer can cause the band bending to réfet¢.While Sil-
the band bending in our samples. The sampling depth of xp8ermanet al. deposited the Si in a separate chamber, we
is approximately & sin ~50 A, where\ is the mean free deposited it in our lll-V MBE chamber, so doping from the
path for the photoelectrora~25 A) and 6 is the collection ~AS background cannot be excluded and will be dISCgSSGd
angle (6=45° in our setup For substrates with a carrier NOW. The Si flux during growth in our chamber was X0
concentration of ¥10' cm™3, as used in our experiments, torr. The As background pressure in our chamber with the
the width of the depletion layer can be estimated to beot SiK cell can be estimated to be<a0 **torr, so the As
around 400-500 A. So the sampling depth of XPS is smalfupply at the surface was 1% of the Si supply. Since As is
enough to measure the band bending, but large enough not ¥glatile, it is unlikely that all the incoming As atoms were
be affected by peak shifts due to surface chemical bondingincorporated into the Si film, but a dopant density of about

We measured the position of both the Gé &nd the As 1x10™ cm 2 seems possible, especially since the solid solu-
3d peaks. While the distance between these two peaks wadlity of As into bulk Si is reported to be9>110231 cm 2% 0n
constant in all our measurements, their binding energiethe other hand, a doping density 0k10'° cm™? s sufficient
(given relative to the Fermi energghanged when Si was 0 explain the observed relaxation of the béfigo we as-
deposited on the GaAs. These changes will be discusse¥me that the Si we deposited was unintentionally As doped.
later. The photovoltaic effect discussed in Ref. 21 can be Thus, all the GaAs substrates under investigation had the
neglected in our measurements, because we made our mdz&mi level pinned in the midgap, 0.7 eV above the VBM.
surements at room temperature on highly doped GaAs. ~ The deposition of a pseudomorphic layemefype Si caused

The Ga 3! peak for the uncovered GaAs substrates was! relaxation of the band bending. However, the results of
measured at a binding energy of 19.5 eV. The distance be3ilberman, Lyon, and Woodall indicate that the surface
tween the Ga 8 peak and the valence-band maximum States of GaAs, which are responsible for the Fermi-level
(VBM) is, according to the literature, 18.8 é¥%?2So atthe ~ PinNing, are not removed even when a highly ordered epitax-
surface of the GaAs samples the Fermi energy is located 0@l Si overlayer is grown. But the high charge density in the
eV above the VBM. Almost the same value was measure@Verlayer compensates for the interface state charge.
for all samples, i.e., for As-rich and Ga-rich Gaf€0) and

(111 surfaces. It corresponds to the midgap position and is B. Photoelectron spectra
in agreement with the results published in Ref. 20rfetype
GaAg100). 1. General remarks

After deposition of Si at 450 °C or 500 °C the position of  To obtain information about the chemical bonding at the
the Ga 3 peak shifted to higher binding energies. This isinterface and surface of the samples, we performed synchro-
shown in Fig. 1. The shift was 0.3—-0.4 eV after deposition oftron radiation photoelectron spectroscopy. In general, for
4 ML (or 2 DL) of Si. We might first attempt to explain this each of the four substrates used in these experiments, As-rich
shift with a relaxation of the band bending, but a more careand Ga-rich GaA400 and GaA¢111), three different sets
ful analysis is necessary. We deposited the Si without intenef spectra were measured: one for the clean surface, one after
tional doping, or, in other words, without As or Ga flux. deposition of 0.5 ML or DL of Si, and a third one after
According to Silberman, Lyon, and Woodall the depositiondeposition of more than 1 ML or DL of Si. Each set of
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TABLE I. Summary of chemical shifts in the Asd3and Ga 3l

core-level spectra. The values are given with respect to the bulk Si on As-rich GaAs(100)
As-Ga bonding position. A+ sign indicates a shift to higher bind-
ing energies, while a— sign indicates a shift to lower binding Ga3d As3d
energies. OML
bulk bulkw
As 3d peak As-As
As-As +0.60 eV*+0.10 eV surf
As-As (Ref. : —
- (Ref. 27 +0.70 eV p S1 ' g0
As-Si —0.49 eV+0.06 eV w1 N ‘
c
Ga 3 peak S 21201918 17 43 42 41 40 39
Ga-Ga ~0.85 e\0.11 eV 3 0.5ML bulk
Ga-Ga(Ref. 26 ~0.71 e\¥0.02 eV & bulk
Ga-Si —0.41 eV+0.06 eV ; _mix
-
G S1 s2
spectra included a measurement of the Als Ga 3, and Si 8 21 20 19 18 17 43 42 41 40 39
2p peak with a photon energy of 130 eV. E [aML
The deposition of Si on GaAs always resulted in $i 2 "\ bulk
core-level spectra with a poorly resolved structure. A decon-
volution of these peaks was found to be somewhat arbitrary.
The problem probably arises from the different bonding part- 51 . S2
ners of the Si, namely, Si, Ga, and As, which should produce e
distinct core-level shifts. Furthermore, disorder associated 21 28 19 18 17 43 42 41 40 39
with specific sites will lead to broadening. Other authors re- Binding Energy (el)
ported the same problents?2 Since no unequivocal decon-
volution was possible for the SigZpeaks, we will concen- FIG. 2. Surface sensitive Galaand As 31 core-level spectra of

trate in this paper on the Asd3and Ga 3l peaks. These As-rich GaA$100) surfaces as a function of Si overlayer thickness.
peaks were analyzed using very strict parameter conditionga 3d spectra contain two surface-shifted components at the high
Both peaks were deconvoluted using the following param{S1) and low §2) binding energies from the substratmilk). As
eters: the 85, and 35, components were described by 3d presents a single surface-shifted componésurf). Before
Voigt functions. The Gaussian and the Lorentzian functiongleposition of Si, As-As bonding produces a spectral component at
in the Voigt function had the same half-widtRWHM), and the high binding energy side of the spectrum, which is attributed to
their intensity ratio was described by a parameterwhere the As dimers of thé2x4) reconstruction. After deposition of Si,
m=1 for pure Gaussian anoh=0 for pure Lorentzian. In A.S-SI bonds are formed on the surface. For a coverage of 0.5 ML of
detail, the parameters were FWHM equal to 0.55€/05 Si _the surf. and the As-Si compqnents coincide as one component
eV andm=0.45+0.05 for Ga 3l and FWHM equal to 0.65 (mix). Please note the comment in Ref. 34.

eV=+0.05 eV andm=0.75+0.05 for As 3. The values for 2. As-rich GaAs(100)

the spin-orbit splittingAg, and the branching rati® were
constant for all the spectra measured. Their values Were.
Ag;=0.45 eV andB=1.5 for Ga 3 andA,,=0.69 eV and

The spectra obtained on As-rich G4A80 are shown in

g. 2. The clean surface showed a brigx4) reconstruc-

>0 ; . ; _ tion. After cooling it down to room temperature we mea-
B=1.4 for As 3, which agrees perfectly with a high reso sured the photoelectron spectra shown in Fig. 2. After these

; _ 20
qugﬂ StUdY of Ga?(slf(i(r)]) (ﬁxli). ts in the Asadid measurements the sample temperature was increased to
€ assighment of the bulk components in the 500 °C for the deposition of Si. However, at this point the

Ga 3d core-level spectra was confirmed by the fact that the 5 4) superstructure had disappeared. Nevertheless, the ob-
distance between the Asdg, bulk component and the Ga (ained results are characteristic for an As-rich GAAS)
3ds/, bulk_component was found to be the same for allgyiface, because in a control experiment we deposited Si
samples. The energy separation between these two peaks Wagjer As flux and obtained virtually the same spectra.
AE=21.82 eV+0.06 eV, which agrees well with literature The Ga 3! peak of the clean GaAs00)-(2x4) surface
values The average energy shifts for components with dif-shows a strong bulk component and two surface components,
ferent chemical bonding are summarized in Table I+A S1 and S2, at +0.62 and—0.39 eV, respectively. After
sign indicates a shift to higher binding energies, while-a  deposition of 0.5 ML of Si at 500 °C and even after deposi-
sign indicates a shift to lower binding energies. These valuetion of 2 ML of Si, the Ga & peak was virtually unchanged,
agree with literature values, where available. so we conclude that no Ga-Si bonds were formed. Thed\s 3
The binding energies of the Ad3and Ga &l peaks with  peak of the clean GaA$00)-(2x4) surface has three com-
respect to the Fermi energy were usually 0.1-0.2 eV smallgponents: a bulk component, a surface component @47
than the values measured by XPS. This reflects the highetV, and a component at0.60 eV, which we assign with
surface sensitivity of SRPES and further supports the bandAs-As bonds. These values, as well as the deconvolution for
bending model. the Ga 2l peak, agree quite well with data published in the
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literature®>~2 After deposition of 0.5 ML of Si at 500 °C the . -

As-As bonding component in the Asd3peak had disap- Si on baAS[1 DD]'C[BXE]
peared, so we conclude that all As-As bonds were broken by

the Si. The substrate component changed slightly its intensity Ga3d As3d
and position. As we will show in Sec. Il B 4, the position of oML

the As-Si bonding component is nearly the same as for the bulk

As surface component on the GdA80-(2x4) surface. Be-

cause the positions of the two peaks are nearly the same, a 5o

separation of them was not successful. So we label this com- S1 4
ponent in the As @ peak after deposition of 0.5 ML $nix.

After deposition of 2 ML of Si we assume that the surface
component in the As @ had disappeared and that the ob-
served component was caused solely by As-Si bonds. The
intensity ratior between the As 8@ and the Ga 8 peaks for

the clean surface was=0.7. If we subtract the intensity in
the component of adsorbed As from the Ad Beak, the ratio
becomes =0.6. This ratio was unchanged after deposition
of Si. In other words, a segregation of As or Ga to the surface
was not observed within the sensitivity of our method. In-
stead, we always observed stoichiometric GaAs.

21 20 19 18 17 16 43 42 41 48 39
0.5ML
bulk

S1 mix

2120 1918 17 16 43 42 41 48 39

Intensity (arb. units)

3. Ga-rich GaAs(100)-c(&2)

The spectra measured on the GEX)-c(8X2) surface
are shown in Fig. 3. The Gad3peak of GaA&100)-c(8X2) 343 42 41 a0
consists of three components: the main bulk component and Binding Energy (el)
two surface componentS1 andS2, at+0.39 and—0.40 eV.
This deconvolution is in agreement with the results of Le N
Lay et al. and discussed there in detdliSimilar results are FIG. 3. Surface sensitive Gal3nd As 31 core-level spectra of
also published in Refs. 25 and 26. After deposition of 0.5 ML GaAg100-c(8x2) surfaces as a function of Si overlayer thickness.
of Si at 450 °C theS2 component has slightly changed its The Ga 3 spectrum of the uncovered surface contains two surface-

intensity and position. As we will show in Sec. Ill B 5, the Shifted components at the higBX) and low S2) binding energies

Ga-Si bonding component has nearly the same position %gom the substratébulk). After deposition of Si, Ga-Si bonds are
ormed. For a coverage of 0.5 ML of Si t&2 and the Ga-Si

the S2 component, so we label this component for 0.5 ML Si g . i

as mix._On the other hand, th&l component has not components coincide as one componeni). After deposition of 4
changed its position or intensity with respect to the bquN.“‘ |S|, Ga]:Ga b?]r_lfdsdare formed at tfhe mftterfa(;:e. Ab.FBese?ts a

component. After deposition of 4 ML of Si the Gal Deak single surface-shifted componefdurf,. After deposition of Si, =
h | : v ch d TIss h ished As-Si bonds are formed on the surface. For a coverage of 0.5 ML Si
as completely changed. component has vanished, the surf. and the As-Si components coincide as one component

a”‘?' anew cor_nponent at lower binding energy has appearegmx). After deposition of 4 ML Si, As-As bonds are also formed.
which we assign to Ga-Ga bonds. The Ad Beak of the  pjaase note the comment in Ref. 34.

clean GaAg&100)-c(8x2) surface is composed of a bulk

component and a surface component-#0.61 eV. After ~ surface peak could be detected, but all attempts to deconvo-
deposition of 0.5 ML of Si, a slight change in the surfacelute the peak into two doublets failed. After deposition of 0.5
component indicates the creation of As-Si bonds. After depoDL Si at 450 °C a second doublet was clearly resolved in the
sition of 4 ML of Si, a third component is resolved in the As Ga& 3d core-level spectrum. This second component was as-
3d core-level spectrum, which is assigned to As-As bondssigned to Ga-Si bonds. Since the situation is clearer for the
The intensity ratioc between the As 8 and the Ga @ peaks ~GaAd111)B surface, this peak will be discussed in detail in
changes from stoichiometric=0.6 for the clean surface and Sec. Il B 5. After deposition of 2 DL Si, a Gad3peak with
after deposition of 0.5 ML of Si to=1.5 after deposition of three components is obtained: bulk, Ga-Si, and Ga-Ga. The
4 ML of Si. On the other hand, the intensity ratio of the XPSAS 3d peak of the clean GaAs11)A-(2x2) surface is com-

As 3d and the XPS Ga @ peaks is constant. Since XPS is posed of two doublets. We assign these doublets to bulk and
more bulk sensitive than SRPES, we conclude that the bulRdsorbed As. A surface peak was not observed, so we con-

composition is still stoichiometric and that the As enrichmentclude that all As atoms are in a bulklike environment. The
occurs solely at the surface. existence of adsorbed As on this Ga-terminated surface can

be expected, because this surface was prepared simply by
. removing the native oxide under As flux. After deposition of
4. Ga-rich GaAs(111)A-(%2) 0.5 ML of Si the adsorbe¢ads) component vanished, but a
The Ga 3l peak of the clean Ga-rich Gafid1)A-(2X2) new peak at lower binding energy was detected. The simplest
surface can be described with just one bulk doublet. Thassignment for this new peak is As-Si bonding. However, a
spectra are shown in Fig. 4. To our knowledge no high-simple charge-transfer argument would expect the As-Si
resolution photoelectron spectra of the GEAY)A surface  bonding component to be at higher binding energy than the
have been published before. It is somewhat surprising that nbulk As-Ga bonding component. A good explanation for this
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Si on GaAs[111)A-[2x2) Si on GaAs(111)B-[2x2)
Ga3d As3d Ga3d As3d
0oDL 0DL
bulk /bulk bulk bulk
ads.

ads. _ surf.

— «

2 =

'E 21 20 19 18 17 43 42 41 a9 S 21 20 19 18 17 43 42 41 408 39

= 10.5DL ‘ bulk a8 0.5DL bulk

2 bulk = bulk

G As-Si ; mix

ot .

:v? Ga-Si ' Ga-Si

» s ]

S 2120 19 18 17 435 42 41 40 ,,E 212019 18 17 16 43 42 41 48 39

= 20L bulk £ [abL ik bulk
As-As As-Si Ga.Si As-As As-Si

Ga-Ga
20 \ls 16 45 42 41 40 22 20 18 16 43 42 41 4e
Binding Energy (eD) Binding Energy (el)
FIG. 4. Surface sensitive Gal3and As 31 core-level spectra of FIG. 5. Surface sensitive Galaand As 3 core-level spectra of

GaAg111)A surfaces as a function of Si overlayer thickness. TheGaAs(lll)B surfaces as a function of Si overlayer thickness. The
Ga 3d spectrum of the uncovered surface contains only the subg, 34 spectrum of the uncovered surface contains only the sub-
strate componentbulk). After deposition of Si, Ga-Si bonds are girate componentbulk). After deposition of Si, Ga-Si bonds are
formed. After deposition of 4 ML of Si, Ga-Ga bonds are formed atformed. After deposition of 4 ML of Si, Ga-Ga bonds are formed at
the interface. Before deposn_lon of Sl_, adsorbed As produces a spegse interface. As 8 presents a single surface-shifted component
tral componentads) at the high binding energy side of the A8 3 (1) Before deposition of Si, adsorbed As produces a spectral
spectrum. After depo_s_ltlon of Si, As-Si ponds are formed on thecomponenl(ads) at the high binding energy side of the spectrum.
surface. After deposition of 4 ML.Of Si, As-As bonds are also agter deposition of Si, As-Si bonds are formed on the surface. For a
formed. Please note the comment in Ref. 34. coverage of 0.5 ML of Si the surf. and As-Si components coincide
) . as one componenmix). After deposition of 4 ML of Si, As-As
discrepancy cannot be given at the moment. At least we takgonds are also formed. Please note the comment in Ref. 34.
comfort from the fact that Bachrackt al. found a similar
chemical shift! They concluded that the Madelung energy L . L , .
of the surface has to be included in a precise calculation of€Nt is shifted in the expected direction. Since Si is less
the shift. After deposition of 2 DL Si on GaAELDA-(2x2) electroneggtlve than As, the Ga-Si bonding component is at
we observed a third component in the Ad peak, which is lower binding energy than the Ga-As bulk bonding compo-
caused by As-As bonds. The intensity ratibetween the As  nent. After deposition of 2 DL Si, a third component is found
3d and the Ga @ peaks increased from stoichiometric in the Ga 3I core-level spectrum and assigned to Ga-Ga
r=0.6 for the clean surface 10=1.9 after deposition of 2 bonds. The As 8 peak of the clean GaAs11)B-(2X2) sur-

DL Si. The same ratio, measured by XPS, is constant, so thi&ce shows a very strong component of adsorbed excess As

As enrichment occurs only at the surface. and a bulk and a surface component. This deconvolution
agrees well with that published by Katnaet al?’ After
5. As-rich GaAs(111)B-(X2) deposition of 0.5 DL Si at 450 °C the ads. component has

The spectra measured on the As-rich GEA$)B-(2x2)  completely vanished, and the surface component has slightly
surface are shown in Fig. 5. It is well known that for this changed, so we conclude that As-Si bonds were created. Af-
surface all Ga atoms are in a bulklike environment, so nder deposition of 2 DL Si an As-As bond component appears
surface peak is observed in the Gad 3core-level inthe As 3 peak, as well as bulk and As-Si bonding com-
spectrunt>?’ Consequently, this peak can be described veryponents. The intensity ratioin the As 3 to the Ga 8l peak
well by a single bulk doublet. The peak shape changes aftdpr the clean surface is=0.9. After subtracting the adsorbed
deposition of 0.5 DL Si. As in the case of Si on GA&EDA, component we obtained stoichiometric=0.6. However,

a new component appears at the lower binding energy side afeposition of Si causes a strong segregation of As to the
the bulk component. This component is assigned to Ga-Surface. The value aof increased to 1.3 after deposition of
bonds. In contrast to the As-Si bond component, this compod.5 DL and tor =2.7 after deposition of 2 DL of Si.
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IV. DISCUSSION s e & & o & & s
The growth of Si on As-rich GaA%00) can be described ﬁ j ﬁ E ’ ﬁ ﬁ
by a simple model: The starting surface, G&X¥)-(2x4), ST T '
is As terminated and we observe As-As bonds. The4) U X L L U U H U
structure is known to be built up by As dimetsand these o ' R N NN
dimers have As-As bonds. Deposition of 0.5 ML Si com- I U U L d L U ‘

pletely destroys the As-As bonds. The Si bonds to As atoms
of the first layer. No Si-Ga bonds were observed in our ex-
periments. The simplest explanation for these findings is the
assumption that the Si occupies the equivalent of next-layer
Ga sites. This is in agreement with our RHEED restits.
The deposition of Si on an As-rich Ga@$0)-(2x 4) surface F!G. 6. Proposed growth model for the epitaxy of Si on As-
leads to the formation of a single-domd(itx2) surface. It ~ terminated GaAd00.

can be assumed that the dangling bonds of Si are saturated

by the formation of Si dimers, as observed on the clearsame growth model for both surfaces. In the Ghpgak the
Si(100) surface® From the orientation of the RHEED pat- formation of Ga-Si and Ga-Ga bonds was observed after
tern we can conclude that the silicon dimers are perpendicwdeposition of Si. Since these surfaces are Ga rich, we con-
lar to the As dimers of the reconstructed GaAs substrate;lude that the Ga-Si bonds are formed at the interface be-
which means that the Si atoms occupy Ga equivalent sitesween GaAs and Si. This is further supported by our RHEED
The same observation was made bypkp et al. in their  experiments?® After deposition of Si the GaA$00)-c(8%2)
RHEED experiment$? During the growth of Si we find no  reconstruction was converted into a single-dom&ixi1) re-
indication for a segregation of As or Ga to the surface. Thixonstruction. Following the same argument as for
was also excluded by Bachraei al'* who found that the GaAg100-(2x4) we again conclude that Si dimers are
Ga and As 8 peaks attenuate with the Si coverage, but thaformed, but on this surface perpendicular to the Ga dimers of
the ratio remains approximately constant. In our experimentghe c(8x2). This means that the Si atoms occupy As equiva-
we found the Ga 8 peak virtually unchanged by the depo- |ent sites. According to Le Lagt al, the GaA$100)-c(8x2)
sition of S|, so we exclude the formation Of. Ga'S.i bonds..or (4}(2) reconstructions are exp|ained by a missing Ga
However, Chambers and Loebs observed in their experigimer row modef® There are inequivalent dimers in the cell:
ments the formation of Ga-Si bon8sThey measured _the Ga gne type-1 dimer surrounded by two type-2 dimers next to
3d peak of GaA&L00-(2x4) before and after deposition of 1,4 missing dimer row. Le Lagt al. assign theS1 compo-

9 A Si by XPS Al Ka radiation and in normal emission. nent to Ga in type-1 dimers and &2 component to Ga in

Since this method is not very surface sensitive, they ha o i :
some trouble determining the chemical shift of the Ga-Si pe-2 dimers. After deposition of 0.5 ML Si we found the

component. The shift relative to the substrate doublet varie(i in?o%ri)sr::i:tl du;%?ggtgeet?]gliﬂer?ifgf gt, ;Otr?]i %ltl:ie(;(:g]dpi?ﬁ-
from —0.35 to —0.75 eV. However, the value that we ob- )

tained in our experiments;0.41 eV-0.06 eV, is within the the missing dimer row and consequently did not affect the

range they report. Chambers and Loebs deposited the Si wififP€-1 dimers. This would also explain the occurrence of
different As-doping concentrations. They found out that the?Cth Ga-Si and As-Si bonds after deposition of 0.5 ML Si.
amount of Ga consumed in bonding to Si was somewhaThe situation is more compllcatgd after deposition of 4 ML
greater when Si was evaporated alone, as opposed to that From the peak intensity ratio we conclude that As has
associated with coevaporation with As. This could indicateSegregated to the surface. A condensation of As atoms on the
that the surface on which they deposited pure Si was noturface from the gas phase can be excluded, because it did
really As terminated but that prior to deposition of Si somenot occur on the As-rich GaAs00 surface under the same
As evaporated from the surface, leaving Ga atoms behind &xperimental conditions. Also bulk diffusion of As can be
the surface. These Ga atoms could bond to the Si atomsxcluded at the temperatures used Héfrobably a surface
When Chambers and Loebs deposited the Si under As flugxchange reaction of As atoms with the arriving Si adatoms
the number of Ga atoms at the surface was reduced, and $akes place. A similar rise in the As/Ga intensity ratio with Si
was the number of Ga-Si bonds. Consequently, deposition afoverage was observed by Bachragthal. on the Ga-rich
Si on a completely As-terminated surface should lead to th&aAg100)-(4X6) surfacet! Since we observe As-As bonds
formation of As-Si bonds only, as observed in our experi-as well as As-Si bonds, the amount of As on the surface is
ments. In summary, we propose a simple growth model foprobably larger than 1 ML. The As segregates from the
the epitaxy of Si on As-rich GaA%00. It is shown in Fig. 6 GaAs substrate to the surface of the Si film, and it leaves As
and explains all features observed in the spectra. vacancies behind at the interface. These vacancies can be
The results obtained after deposition of Si on the Ga-ricHilled by Si atoms, or Ga atoms can move to antisites, caus-
surfaces GaA400-c(8x2) and GaA§111)A are more com-  ing the observed Ga-Ga bonds. Zalm, fgrand Olthof®
plicated, but for these surfaces a consistent growth model caneport a surplus of Ga on the surface of Si layers deposited
also be offered. The Gad3and As 31 peak components of on GaA$100)-c(8x2) as measured by Auger electron spec-
Ga-rich GaA$111)A-(2x2) after deposition of 2 DL Si and troscopy (AES). This is clearly refuted by our results and
also the intensity ratio are very similar to the findings for also conflicts with the results of Bachraehal ™ In another
the Ga-rich GaAd00)-c(8x2) surface, so we propose the AES work, Gonzkes, Soria, and Alonso report the segrega-

o Ga e As e Si
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plain the As enrichment at the surface observed in our ex-
periments. A model for the surface unit cell of the
GaAgq111)B-(2x2) reconstruction is proposed in Ref. 30.
The surface consists of first-layer As atoms and second-layer
Ga atoms. On top of the first As layer, As trimers are formed,
which are arranged in @%2) periodicity. From our RHEED
experiments we conclude that the As trimers are destroyed
during the very early stage of Si deposition. After deposition
of 0.5 DL of Si the(2x2) superstructure had already disap-
peared and d1Xx1) surface was observed. However, this
o Ga e As o Si (1X1) periodicity is given by the first-layer As atoms. One
would expect bonding between these As atoms and the de-
FIG. 7. Proposed growth model for the epitaxy of Si on posited Si atoms. However, instead Ga-Si bonds are formed.
GaAq11DA. Three different kinds of interface defects are shown. This means that some of the first-layer As atoms must be
In the left box Ga is on an antisite, forming a Ga-Ga bond. Thereplaced by Si atoms. But a simple replacement seems very
remaining vacancies are filled by two Si atoms. Also in the middleunlikely because it requires an energy of 2.49 eV per
box Ga is on an antisite. In the right box, an As vacancy is filled byreplacement! Furthermore, it was not observed on the As-
a Si atom. rich GaAg$100 surface. While the surface As atoms of the
GaAg100-(2%x4) have two bonds with the second-layer Ga
atoms, there are three bonds for the GAA4)B surface.
Consequently, the As should be even harder to replace on the

the segregation of Ga to the surface, but we observe a cle aAg111)B surface. Anyway, if we assume a replacement
increase in the As-Ga ratio at the surface. This means that th% As atoms by Si .ator)rgvsv )t/r'1en we have nearlypthe same

number of As atoms at the surface must be clearly larger. " .
than the number of Ga atoms. Consequently, in our simpl !tugtlon as on the GaABLDA surface, anq we can expgct a
model of the growth of Si on Ga-rich GaAs surfaces WeS|m.|Iar grovvth mode. However, the.mam obstacle still re-
neglect any Ga segregation to the surface. In summary, w&1@ins: In which way are the Ga-Si bonds formed? More
propose a growth model for the epitaxy of Si on detailed stu¢es are probably necessary to clarify this point.
GaAg111A. It is shown in Fig. 7 and explains all features Another interesting question is as follows: Why do we
observed in the spectra. The position of the As atoms at th@bserve an As segregation for almost all substrates except
surface is consistent with models for As-terminatedthe As-rich GaA&100 surface? The answer could be the
Si(111).282° These models seem applicable to this structurestability of this surface. Very stable As dimers are known to
because in both cases &1x1) RHEED pattern is be formed on the GaA$00-(2x4) surface. During deposi-
observed®?8 Three kinds of interfacial defects are sketchedtion of Si no simple exchange reaction can take place, be-
in the figure. An As vacancy can be filled by a Si atom,cause all As atoms are bound in dimers. Probably immedi-
producing a Ga-Si bond. This is shown in the rightmost boxately after Si has broken an As dimer, As-Si bonds and later
in Fig. 7. Secondly, an As vacancy can be filled by a neighSi-Si dimers are formed. These Si dimers could act as a very
boring Ga atom. The created Ga vacancy is then filled by &trong diffusion barrier for As atoms.

Si atom. This situation is sketched in the middle box of Fig.

7. If As vacancies are formed on two neighboring GaAs

site.s,. one of the two remaining Ga atoms can move to an V. CONCLUDING REMARKS

antisite and form a Ga-Ga bond. The remaining vacancies are
filled by Si atoms. This situation is sketched in the leftmost
box in Fig. 7.

tion of both As and Ga atoms to the top Si layewhen
deposited on GaA%11)A. From our data we cannot exclude

The epitaxy of Si on the different surfaces of GaAs is so

The situation is even more complicated for the Si epitaxyf_ar not compl_etely understood. The variety of possible reac-
on the As-rich GaA4.11)B surface. The experimental results 10"S at the interface and at the surface does not allow a
are unequivocal. The features obtained in the spectra are ti€Cise determination of the processes with just structural
same as for the Ga-rich surfaces. But while Ga-Si bonds caféthods like RHEED. In addition, the chemical bondings at
be expected on a Ga-rich surface, the formation of Ga-shhe interface and at the surface have to be investigated. In
bonds is difficult to explain on an As-rich surface. However, this paper we employ very surface sensitive synchrotron ra-
no similarity between the As-rich Gaf00) and (111 sur-  diation photoelectron spectroscopy to clarify the chemical
faces was found in our experiments. Unfortunately, there i$ondings at interface and surface in great detail.
little information in the literature about this system to com- Good epitaxial quality of Si on all the GaAs substrates
pare our results against. Gomhes, Soria, and Alonso made under investigation was proved by RHEED. A thin Si layer
AES measurements on the G4dA%1)B surface. They ob- can be used in all cases for surface passivation. The strong
served a surface segregation of Ga and As atoms during thend bending due to the Fermi-level pinning in the midgap
growth of Si. In addition, for this surface they give diffusion of the GaAs substrates is relaxed. On the As-rich Gag®
coefficients for As and Ga in Si for different temperatures. Insurface the Si grows without the creation of interfacial de-
general, the diffusion coefficierid 55 for As is larger than fects. Furthermore, we find no indication for a surface seg-
that for Ga,D,. According to their dataD 5 at 450 °C is  regation of As or Ga. This makes Si a very promising mate-
approximately three times larger th&@,. This could ex- rial for an interface control layer on GaAs.



53 GROWTH OF Si ON DIFFERENT GaAs SURFACES.. . .

13541

*FAX: +81-422-59-3576. Electronic address: heun@aela.ntt.jp”T. Kawamura, S. Maeyama, M. Oshima, Y. Ishii, and T. Miya-
TPresent address: NTT LS| Laboratories, Atsugi-shi, Kanagawa hara, Rev. Sci. Instrun60, 1928(1989.

243-01, Japan.
L. Daweritz, C. Muggelberg, R. Hey, H. Kostial, and M. Hike,
Solid State Electron37, 783(1994).

2L. Sorba, G. Bratina, A. Franciosi, L. Tapfer, G. Scamarcio, V.

Spagnolo, and E. Molinari, Appl. Phys. Lefl, 1570(1992.

3L. Sorba, G. Bratina, A. Franciosi, L. Tapfer, G. Scamarcio, V.

18D, A. Woolf, D. I. Westwood, and R. H. Williams, Semicond.

Sci. Technol.8, 1075(1993.

19K, Koyanagi, S. Kasai, and H. Hasegawa, Jpn. J. Appl. P38s.

502 (1993.

2G. Le Lay, D. Mao, A. Kahn, Y. Hwu, and G. Margaritondo,

Phys. Rev. B43, 14 301(1991).

Spagnolo, A. Migliori, P. Merli, and E. Molinari, J. Cryst. 2'M. H. Hecht, J. Vac. Sci. Technol. B, 1018(1990.

Growth 127, 121(1993.

223, A. Chambers and V. A. Loebs, Phys. Rev4B 9513(1993.

“4L. Sorba, G. Bratina, G. Ceccone, A. Antonini, J. F. Walker, M. 23J. A. Silberman, T. J. de Lyon, and J. M. Woodall, Appl. Phys.

Micovic, and A. Franciosi, Phys. Rev. &3, 2450(1991).

Lett. 59, 3300(1991).

S5L. Sorba, G. Bratina, A. Antonini, A. Franciosi, L. Tapfer, A. 24p. J. Sambell and J. Wood, IEEE Trans. Electron. D&¥. 88

Migliori, and P. Merli, Phys. Rev. Bl6, 6834(1992.

(1990.

6J. C. Costa, F. Williamson, T. J. Miller, M. I. Nathan, D. Mui, S. ?°M. Larive, G. Jezequel, J. P. Landesman, F. Solal, J. Nagle, B.

Strite, and H. Markggcin Gallium Arsenide and Related Com-
pounds IOP Conf. Proc. No. 112Institute of Physics and
Physical Society, London, 1980p. 189.

7J. C. Costa, F. Williamson, T. J. Miller, K. Beyzavi, M. |. Nathan,
D. S. L. Mui, S. Strite, and H. Marko@ppl. Phys. Lett58, 382
(1991).

8K. Koyanagi, S. Kasai, and H. Hasegawmpublishel

Lépine, A. Taleb-Ibrahimi, G. Indlekofer, and X. Marcadet,
Surf. Sci.304, 298(1994.

26) M. Vitomirov, A. D. Raisanen, A. C. Finnefrock, R. E. Viturro,

L. J. Brillson, P. D. Kirchner, G. D. Pettit, and J. M. Woodall, J.
Vac. Sci. Technol. BLO, 1898(1992.

2. D. Katnani, H. W. Sang, Jr., P. Chiaradia, and R. S. Bauer, J.

Vac. Sci. Technol. B3, 608 (1985.

9M. Cantile, L. Sorba, S. Yildirim, P. Faraci, G. Biasiol, A. Fran- ?R. I. G. Uhrberg, R. D. Bringans, M. A. Olmstead, R. Z.

ciosi, T. J. Miller, and M. I. Nathan, Appl. Phys. Le@4, 988
(1994.

10M. Cantile, L. Sorba, P. Faraci, S. Yildirim, G. Biasiol, G. Bra-
tina, A. Franciosi, T. J. Miller, M. I. Nathan, and L. Tapfer, J.
Vac. Sci. Technol. BL2, 2653(1994).

1IR. Z. Bachrach, R. D. Bringans, M. A. Olmstead, and R. I. G.

Uhrberg, J. Vac. Sci. Technol. B 1135(1987).

Bachrach, and J. E. Northrup, Phys. Rev3® 3945(1987.

29J. R. Patel, J. Zegenhagen, P. E. Freeland, M. S. Hybertsen, J. A.

Golovchenko, and D. M. Chen, J. Vac. Sci. Technol7,B8894
(1989.

%0p. K. Biegelsen, R. D. Bringans, J. E. Northrup, and L.-E.

Swartz, Phys. Rev. Let65, 452(1990.

31W. A. Harrison and E. A. Kraut, Phys. Rev. &, 8244(1988.

12M. Lopez, Y. Takano, K. Pak, and H. Yonezu, Jpn. J. Appl. Phys32T. Hashizume, Q. K. Xue, J. Zhou, A. Ichimiya, and T. Sakurai,

31, 1745(1992.

Phys. Rev. Lett73, 2208(1994.

18p_ C. Zalm, P. M. J. M@ and R. I. J. Olthof, Appl. Phys. Lett. 33S. Heun, J. Falta, and M. Henzler, Surf. S®43 132 (1991).

46, 597 (1985.
M. L. GonZdes, F. Soria, and M. Alonso, J. Vac. Sci. Technol. A
8, 1977(1990.

153, Heun, M. Sugiyama, S. Maeyama, Y. Watanabe, K. Wada, and

M. Oshima, Mater. Sci. Forurl8 129(1996.
16T Kawamura, S. Maeyama, M. Oshima, Y. Ishii, and T. Miya-
hara, Nucl. Instrum. Methods 275, 462 (1989.

34The binding energy scale in the figures was calculated for a pho-

ton energy of 130 eV. To obtain exact values, the axis has to be
corrected for the precise photon energy as measured with a gold
sample. The exact values for the photon energies are as follows:
for the As-rich GaA£l00 sample: 130.22 eV; for the
GaAg100-c(8x2) sample: 130.27 eV; for the Gaf<lDA
sample: 130.30 eV; and for the GaA31)B sample: 130.31 eV.



